This paper demonstrates a unique way of creating heterogeneous layered structures of soft functional materials for advanced transducer applications. Hydrogel droplets with different composites were patterned by a "two-parallel plate" configuration used in microfluidics applications. Resulted heterogeneous layered structures of hydrogel were created, generating reconfigurable 3D (3-dimensional) deformation responding to discrete levels of stimulation inputs.
INTRODUCTION
Morphing soft materials responding to external stimulation (e.g. electrical, mechanical and chemical) have promising applications in various fields, such as flexible electronics, biomedical transducers and soft robotics. One of the desirable developments is to make the self-shaping process controllable and programmable, at least for specific configurations.
Wang et al. [1] has demonstrated 3D shape control through planar (flat) patterned, homogeneous swell-able hydrogels. "Pre-designed" complex deformations were demonstrated by the periodically patterned hydrogel blocks made from multi-step lithographically. The shape morphing was then generated due to elastic mismatch between non-swelling substrate and swelling gel blocks [1, 2] . Holed "swelling masks" were employed to control the swelling directions, in order to re-configure the deformation patterns [1] .
Whilst patterned homogenous layered structures can provide "pre-designed" 3D shapes, the post-swelling configurations are fixed in [1, 2] . For reconfigurable morphing structures which dynamically change shapes responding to stimulation, heterogenous structures are desired.
Uniform heterogenous bio-content deposition was achieved previously by droplet microfluidics utilizing surface wettability (hydrophobic/philic patterns) [3] . More recently, using droplet microfluidics to control the formation of encoded multifunctional, and heterogeneous hydrogel building blocks have been exploited to form complex hydrogel architectures, inspired by natural biostructures [4, 5] .
In such cases [1, 4] , two parallel plates with millimeter to sub-millimeter gap in-between (similar to a Hele-Shaw Cell) were introduced to help achieve a uniformly thin deposited layer.
Combining the latest development in smart hydrogel patterning, and the hydrogel-based 3D morphing technology brings the great potential of next generation reconfigurable, stimuli-responsive, morphing soft transducers.
METHODOLOGY
The state of the art of this work are demonstrated from the following two aspects:
• Heterogeneous hydrogel blocks patterned and layered by controlled surface wetting at hydrophobic and hydrophilic boundaries (figure 1). The layer thickness and uniformity are ensured and controlled by droplet volume and the gap between the two parallel plates shown in figure 1.
• Reconfigurable 3D morphing response to the stimulation inputs such as changing ionic concentration and temperature of the solution this hydrogel structure is immersed in. The gel swelling will happen when immersed in PBS (phosphate buffered saline) solution depending on ionic concentration of the gel and the solution. Other stimulation such as temperature, electrical potential and physical constrains will all affect the swelling behaviour.
To structure and shape the hydrogel, hydrophobic/hydrophilic patterns were created. Fig. 2 (top left) shows patterned Parylene-C TM hydrophobic area (light green color) and hydrophilic silicon dioxide (SiO2) patterns (dark green colored & square shaped), both on smooth silicon substrate.
Figure 2: Photos showing two hydrogel blocks with different swelling behavior (different composites) assembled to non-swelling gel substrate.
Functional (swell-able) hydrogel droplets/blocks were deposited on this Parylene-SiO2 surface, shape-controlled by hydrophobic/philic boundaries, and squeezed into "button" shape by non-functional soft substrate (e.g. nonswelling gel) before cross-linked to form the desired heterogeneous structure (illustrated in Fig. 1 and pictured in Fig. 2 ).
EXPERIMENTAL RESULTS

Swelling and de-swelling demonstration
The swelling ratio and de-swelling ratio dynamically responding to PBS concentration and SA composition were obtained. Figure 3a to 3h demonstrate how the swelling kinetics is recorded, by showing a dried cylinder-shaped gel swelling for 10 minutes in 0.01M PBS solution. The height of the swelling hydrogel was controlled by a cover slip, and the diameter was measured for swelling and deswelling ratio calculation. This work currently focuses on ionic concentration related response, however near future work will also investigate temperature response (illustrated in figure 3i ).
Single configuration demonstration
Single configuration 3D surface shape control has been demonstrated by selectively swell and de-swell the heterogenous functional hydrogel blocks with different composites/stimuli-responsive properties which are assembled on the same substrate as shown previously in figure 2 .
In this experiment, the pink colored hydrogel block (figure 4) swelled in the 0.1M PBS solution, causing localized surface raising. The red colored hydrogel block de-swelled in the same solution, causing localized surface concaving. When the substrate was detached from the bottom of the solution container, a complex surface with raised (pink area) and concaved (red area) surface was achieved (shown in figure 4 ). 
Re-configuration demonstration
Due to the heterogenous nature of the functional hydrogel layer, the swelling vs. de-swelling spatial configuration can change responding to the external stimulation. By changing the ion concentration of the PBS solution, initial reconfigurable gel deformation was achieved (flat shape -"S" shape -"C" shape).
This responsive shape morphing demonstration was shown in Fig. 5 . When immersed in 0.1M PBS solution, the gel started bending. When the PBS concentrations changed (0.1M to 0.01M), the hydrogel structure reshaped from "S" shape to "C" shape. This is a combined result from:
• Hydrogel block-B (pink colored) changes from deswelling to swelling state, responding to the PBS concentration decrease;
• Hydrogel block-A (red colored) maintains high ratio swelling.
Such reconfigurable response shed a light on the great potential of sensing and actuation applications with complex 3D morphing materials [6 -8] . It is foreseeable, that more advanced functions can be achieved with additional hydrogel functional blocks -to be carried out during our on-going research work.
Figure 5: (a) microscopic photos; and (b) schematic illustration
showing hydrogel structure shape reconfiguration from "S" shape to "C" shape.
